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Comments -on B, E. Taiclkovakiy's “Selected Works,” by F. A. Tsander

INTROTT'CTION

. -.‘Tsioii(dvskiyl began vork on rockets after reading a book by.A. P. Fedorov,
“New Principles of Air Navigation.” Cortain parts from an artiele written by
Tsiolkovsily in 1883 ehw‘that"u‘q-‘.xms avare éven then. of the principles of

rockets.

L welolkovekiy cl%o ¥rote sbout alr navigaiion, sstrophysics, geolegy, and
goochenistry, - He was not: recegnized by the ralers of Crarist Ruseia, even though
such eminent scholars as Mendeleyev and Btoletov tried to attract the pecple to
hle 1deas. At present, however, “leading Soviet scholars ard enginesrs valus
Tsiolkovakiy's vork highly.” In the 1920's many foreign scientists took an
interest in lhis work, smong them (bert and Laldiman,

Although his suggestiom conecerning placing rudders in the gas jJet from the
rocket motor tube; and thus epebling the guiding of the rocket in space or in
the upper layers of the atwmosphere met with opposition from Jadewan, 1 ic .
interesting to note that the same principle wes uded in the German V-2, Teiolkov-
skiy described a rockst which wiuld uee 11quid oxygen as on oxidizer, a rocket
in which the fuel is fod to the combustion chamber by pnmps, snd 2 rocket which
vould be sutomatically comfrolled. All of these ideas were used in the V-2,

A list of the articles not published in the book is included.

M. K, Tikhonravov
- Moscow, 1946

ROCEET FUEL

There 18 no essential difference between combustion and explosion. Earlier
findings (1805) reveal that the required power of a motor for a constant motor
veight is proporticnsl to the speed.

Explosion and the Engine

Combustion-explosion tekes place continuously in any combustion chamber,
especially vhere Jjetg are used. However, this explosion is not used directly
as in the usual steam engine or turbine. Only the heat cbtained 4s used, When
using cheap fuel such as peat or ceal and not rest?icted by the weight. of : the
engine, great economy is-attainadis, But-in a locomotive the fael s purerr and
more expensive, the economy less. Witness the attempt to change to combustion
englnes (gascline and Disgel) or to electric,

™ k-
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In the sgecond case, ve have internal combusticn enginee. Here the force of
sxplésion g used and therefors thegs motor: picnld Te called explosive. . Thay
have the advantage of enormous energy, ovvnomicel wtllizatlion of fuel, and there-
fore smell stores of fuel. Thei: Iisadvantagee are thar the fuels ars vurer and
wore expensive. In both cas.., no cxygen from the air ie used.

Reactive automobiles, seaplanes, sledges, s rplanee, ctratoplanes or
spaceésiips use previously stored oxygen orf enother elemsnt necessary for combus-
tien. The purpose 18 to obtein enormous energy in o short time, We have two
methods avaliable here.

i. The oxygen element ov the aubstitute for 1t may bs previously mixed with
the combustible part (powder, for exemple). Up to now, only prepared explosive:
materiale have been naed for movement or fllght. : :

The sdvantages of this method are the arbltrarily rarid release of energy
and: simplicity in the construction of the motor. The disadvaniages are mwany more,
and &re’ the. danger of & géneral exploslen of the entire store, burden of carrying
the weight of the oxygen compound or liguld oxygen, burden of the welight of the
tubes which carry the axplc:e;ve materiat &nd which must. withatand the enorwons
pressure’ of thy e;p]oding conpressed combusticn priducts {due to this, the tubis

miet be strong and: heavy,. At the lov.edeeds attalnghle '~ ‘he Yoy TooAwa of
the. atmospheve ;- the small paTEeRt. of utéligation cf the chemkcal energy makes
tho ‘oxplosive eubatances ver'y BXDPONBIVG e

2. Ths oxygen compouné is separated from the fuel., The elsments are
combined gradually, as in an aircraft motor, except that the oxygen is not teien
directly from the air. There is no danger of a genmeral explosion. The burden of
the heavy tubea does not exist, but other disedvantages remaln.

What forces us to resort to stored oxygen? At very high altitudes, in
excecdingly rare?ied air or even higher, in space, « store of any oxygen com-
pound is abasolutely necessary because 1t 1y vractically imposeibie to draw oxygen
out of the atmosphere and it is utterly impossible in outer space.

We can attaln great speeds here and the utilization of chemical energy
may be very high. Disadvantages are the burden of the welght cf the hydrcgen
and high cost. But the following may serve as elemsnts of explosion: cheap oil
(fuel) and 1iquid oxygen or its compcunds, for cvample, liquid nitrogen peroxide.
These are not 30 expensive. Separation of ths elements of explosion is already
being accomplished in small flying devices (without people). Obviously, prog-
ress is Yeing made; but these devices have another disadvantage, which I pointed
out in the perlodical "Samolet” (Airplane) (1932). Therefore, even they yleld
poor results.

Selection of the Combustible Elements

Here we agsume flight in the very rarefied layers of the athosphere, when
drsving oxygea from the air is difficult. .

The oleme.ts of explosive materials for the rockst motion must have the
following characteristice:

i. They must produce the maximum work per unit mass.

2, During combination, they must yield gases or volatlile 11quide vwhich will
revert to vapors auring heating.

3. During combtustion, they must dsvelop the lowest possible temperature to.
prevent burning up or melting of the combustion ckamber.
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by They wust ociupy d suALl Voiumé; thii 18, have very great density.

! . ) . o 5. They mmet be 11
) exceedingly d1fficult,

. 6. They may even be gaseria, but muet have a high critical temperature and

: & low critlcal pressure o they may be satisfacterily ussd in compressed Form.

. Compressed gases are generally disedvantageous because of their low temperature 5
since they ebscrb heat. Their use is accompanied by losses from evajsoration and
danger of explosion. Expeneive. unstable cihemical products and products hard to -
obtain are also unsuiteblo. C ' : .

Lot us introduce an exemple. - Hydrogen and oxygen satisfy all the conditions [ i
excopt thoge indicated in 4 emd 5 above. Actually, liquid hydrogen 1s 14 timss ; B
i , lighter than water (its density 1s 0.07; ard therefore is urgatisfactory, since i ;
':3.',. : it cecuples e lsrge volume. The critical temperature of hydrogen 1s squal to

i . -23k degrees, and oxygen to -119 degrees. Carbon alone 1is not suitsble beceuss : .

: of 1fs-svild state. Chromium, aluminum, potassium and other substances are . A
ungsuitable not only. because of their solid state, dut also because they form R )
nonvolatile compounds with oxygen. Ozome is unguitable, boceuse it is expensive- .
und: clismically urigtable, Ite bolling point im -10S Asgrees oentigrade, The b )
majority of elemsnte and compounds ars uneuitable, because vhey relsase 1ittle R Sefey v
energy per unit product under combination. o o o i S :

What substences are suitable?

1. Zlements or compounde which are liguid abt ordirary or not very iuw N
temperaturea and which heva a dsueity close to the density of water. This means I
W2 may evem perwit compresaed gases, but only thcse which have a low temmeraturs.

2. Those which produce the greatsst work per unit of product obtained. .

, Several slightly exctherxic and in rarticular endothermic compounds. (The latter ‘]
o de nbt absorb, tut relmase heat during decomposition and therefore are ypartioularly
- satisfectory.

3. Inexpbnsive and chemically stable compounds.

b, Those yielding volatile products during combustion: gaees and vapors.

] The most vigorous component parts of explosive materials which yield volatile
products are hydrogen and oxygen.

During the formation of steam, sack kilogram produses 3,233 cal. The
samo coubustion of light metals such as lithium, aluminum, magnesium, aud also
chromium and boron yielde from 3,400 to 5,100 cal, 1,e., substantially larger.
However, these materiale are unsuitable because the products are not volatile.

N But, for the meantime, hydrogsn and oxygen in their individual form are
+ unsuitable. It would be better to replace them with week compdunds of other
materials.

- . Thus, instead of bydrogen, we would have a hydrogen compowrd, ard instead
' of oxygen an oxygen compound. Hydrocarbons are most suitable for combustion in
oxygen, and hydrogsn and carbon yield volatile products in combipation with
oxygen. In combinatibn with oxygen, hydrogen gives greater energy than carbon
per unit mess of product. Hydrogen gives from 3,233 (asteam) to 3,833 (water),
vwhile carbon gives 2,136 cal. (All the preceeding numbers are expressed in
small calories for 1 mole of the material,) Therefore, the greater tns per-
cent of hydrogen, the greester the energy relessed during combustion.

-6 -
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These are saturated hydrocarboms. Of thess, the most simple i methane CH;.,
er marsh gas. It contelns a small percent of hydrogen (25%). But it should
be taken into comsideration that the majority of these compounds are excthérmic,
l.e., they release heat during thelr formation. When these compounds burn with
o¥ygen, they migt first decomnose into B, and 0,, theoreby reversimg their absorp-

tion of heat, Moreover, compressed methaue hes a low boiling temperature (=82
degrees centigrade) and ie thersfore insatisfactory.

But leot us calculate its energy of explosion. Ome part C requires two parts
Oz, Moreover, 9k,060 cal are ¥eleased per gram-molecule (mole). Four perts ;)

reguire two parte 0,, For 36 g, 116,000 cal would be releaged. A total of 210,000
cal would be separated for 80 g. But the preliminary decomposition of CH,‘ requires
185,000 cal for 16 & (mole)s For 83 g, 172,500 cal remain. For ome g of tho pro-
ducts. ve obtain 2,39% cal.

:Amorig. the hydrocarbons there 1s one which contains & émall pércent of hydrogen
{12.2%), but forms wit. the: abeorpiion of hpat (endothermic compound). ‘This de

(LA

‘ethylepy C B . We £ind this dore ewitable, Actially, two parts: C vequire fomr

parte’ 0. For 89‘3 o ralease 188,000 cﬁl, feur paris E, requirs two farts 02.

For 36 é, 116,000 cal (ateam) sre, rélvesed, This. mesns that 12% g relesds 304,000
ealy Put "dwiirng docomreaition Cpr‘h releanen 15,000 cal of the heat obsnried ser-

lier per:28 g. Taus, 319,400 cal sre cbtained in'all.. Thia s for: 12k g, For
ono g of the groducts, we would obtain 2,576 cal. This is slightly greater then
that obtained from methanc. Ethylens 1s easily uompressed, since its critical
temperature 1s 10 degrees centigrade and the oritical pressurs is 52 atm. Ethylene
is sadily vwisined from othyl alecohol or ether by passing the latter through clay
globules, heated to 300 - 40O degrees centigrade., The comclusion is thsat ethylense
is mors aéantagacuz than marsh gas.

Fos Jet ne inepect benzene 06!{6. As the liquid is quite dense, it 1s most
sultable for rockets. But it contains only 8% hydrogen. What ls its ensrgy per
unit mass of products during its chemical combiration with oxygen? During forma-
tiur, it relsases & total of only 102,000 cal per mole (a gram-molscule of T8 g).
But, nevertheless, let us make our calculation. Cg requires Oy, and dg is nsc-
essary in 03. ' Thie means that 318 g of the products release 738,000 cal. Tuence,
calculating the absorption in the decomposition of Cglg, we obtain 727,800 cal.
This 1s Tor 318 g. Por one g of the producite we find 2,289 cal. This is slightly
less than ethylene yields, but then we heve & 1liquid at temperatures with very
low vapor pressure. Acetylens is of the same percentage composition as ges and
iy unsatisfactory. Moreover; this exothermic compound releasss a great deal more
heat during its formation than benzene, approximately 18 times more. This means
that 1t absords even more during combuation. Besldeu, the greater the carbon in
the hydrocerbon, the higher tre temperature of dissociation, and consequently
the higher the temperature of combustion. Compressed hydrogen is the best of ell;
but obtaining and storing it are difficult, not to mention the huge volume it
displaces.

We introduce data on tie combuetion heat of alcohols, ethor, and turpentine.
Mathyl Alcohol CH,0 2,123 cal
Bthyl Alcohol C,Hg 2,327 "

Ether CHb O:| 6 2,512

Turpentine C10816 2,527

-‘T-
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Shown here are the calories releamgsd per unit of the products of combustlon.
It is.cbvious. that these fuels cantiot be dieregarded.

In-gur calculations; ve have assumed compressed oxygeu. This is highly dia-
advantageous. ~ Ozone' s chemisally unstable and is practicelly inadmissibdle.
‘Therefore: Ve turn-to- oxygen compounds.

Oxyséh compowsids’ of nitrogen. ars interesting. Let ue find the one most
guitadle fcnj us, . The ‘endothermic ‘gadesis cosipound, nitrous oxide ‘W50, is.un-
“suitable because ‘it contains' s’ large percént ef ‘nitiogen, The' same ma.y be -said
‘for 'the :endothermic compound nitric oxide N0, The third compound, nitrogen
‘paroxide Koé,, i a:quite steble brown liquid, Itd formatiou {synthestis) s
-aceompanied by an insié;niﬁcant_ relea_ae_‘ of ‘heat, Chgniical]‘q—_ it 18 quite stable
(up to 500 degross’centigrade) and very ‘dense. {1;49), which makes 1t very ussful.
‘It 1a a sirong. oxidizer, hui. covering tanks;’ pipes, cylinder ‘s ete., with gold,

‘ . platinum, iridium ‘and cther nonoxidizadle substantes orislloys w1ll :protect the

itized Copy Approved for Release 2011/07/07 : CIA-RDP80-00809A0006002

machines from corrosion.’ 'The.fifth 51§7 compound;, nitrogen. ansydride ~H205;
“containe slightly leds.nitrogen, but is uneatiafectory bedeuse of 1te. chemical
1natability, Dl i

et us examine NO;- ‘thls” compound may be ‘gubatitated for oxygen,. tut it is
cverloaded with nitrogen which decreases tke speed . of £1ight ‘of the gamsous pro-
ducte of nowbustion, besenee. their mass lacresses.  We comaider banzene; ita
gram-molecule is 78, We have seon thet 73 g of this ‘substence reguire 240 g of
oxygen for full ‘combusticn. The weight of the products during combustion “n pure
nxygen ie equal to 318 g. But instead of oxyghn we havs NOy. Bere, 105 g o*

nitrogen are added. The products cumsequently will weigh 423 g. This quantity
ig greatsr by 123/318 or 1.331 times. Beceuse cf the increamsd mass of the
combustion produote;, their speed of flight will dscreage 1.1% timss, or about
87%. For example., instond »f 6,000 m/sao, ve will have 5,220 m/awc, The energy
of explosion for ome g of the prodvotsivwila be,1,T2Y sul.

It way be aslsd whether nitroglycerine, pyroxiline and others will not yield
greator emsrgy. Ae a mstber of fact, they yield much less. The followins table
shows Tormaticn heats of ths most powerful explosive substances for one g of the
prodacts in emall calories. :

Aluminur vith ammonium nitrate 1,480
Powder end smokeless ‘povder from T20 to 960
Ritroglycerine powder up to 1,195
Hitroglycerine 1,475
Dinitrobenzene with nitric acid 1,480
Trinitrophenol 750
Mercury fulminate 350

It is impoeeidle to use these prepared explosive substances both because of
the denger of an unexpected explosion of the entire mass and becsuss of their
low energy.

Resume

1. Hydrogsn is unsuitadble because of 1its lov density and the difficulty of
storing 1t in liquid form.

2. Compressed methsne CH, yields 2,394 cal vith 11quid oxygen and is un-
sulitable becausv of its low boiling temperature.

3. Ethylene CoH, yields 2,576 cal with Op. This mixture 1s more suitable,
8ince ethylene has a critical temperature of 10 degrses centigrade.
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L, DBenzene C6H6 releases 2,289 cal with oxygen. Tne value of the energy here

18 oma 1*, but. sgbisfuctory in that bernzens ia Tiguid at normal tenmeraturus. Bven
nuxtures of - 1iquid. Bydrocarbors with a higk ‘boinr@ point {kerossne ang othere)
: are auitable, ithe more 8o slnce they are Inoxperisive.

5. The use ‘of 1ignld oxygen is slightly disadvantageovs becanse of the diffi-
culty of etoring 1t

A, Snﬂatituting nitric anhydride NOy for oxygen would be most saitabla of

a1l Thie 15 a brovn, chemically stable liguid dexser than water. f!pon mixing
4t with benzene, 1,721 cal are ralessed per unit product. o

Theee tio, 1iquids.are the most suitabls Lor rockets. But. parts of the M .
macbine’ met be protected from the ox1dizing-effect of NO,. Thia: “energy (1;421 ) b
cal)-is mll but 1t 14 larger than the emergy of the very best powder and ‘the i
i/ most “powerful sxplosive materials (nitroglycerine). Moreover, the latter are
; jexpensive and d.amgorans t6 use. . \ o

: T. ‘Alcokols and sulfuric sther ‘are also ugsful. Lot us furthar clarify the
dependencs petweern the combustion heat and. ‘the cmoapcmiing epeed of: the products
of ﬂombuation under ideal "ond“bionﬂ , 1i'es, in space ‘and in very long. tubesi
Bent, large oa?wiaa ST 1600 1,500 5,000 2:500 %, 900
”,Speea of: 'lez, m/sec .. 2,900 3,600 %,200 4,500 5,100

With ether, we cbtain & speed of 5,630 m/eec. In this last case, during
horizontal movement along rails or in the absence of gravity or resistance of the
nedium, ve obteln the corrssponding finsl npeed of the chember for various ratios

of weight of fuel to weight of chsmber with all 1ts cortents, except fuel and
oxygen.

Ratio of welght of fuel
to weight of formation 2 3 4 5 6 7 8

Maximum epeed, m/sec 3,500 5,000 6,500 7,700 8,600 9,500 10,106 10,700

Ratio of weight of fuel
to weight of formation 9 10

Meximum spsed, m/sec 11,100 11,300

This means that with & ratio of 5:1 it may become a satellite of the
oarth and vith a ratic of 10: 1, a satellite of the sun.
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